INTRODUCTION
Beginning in 1996, there has been an unprecedented rise in shell disease occurring in the population of wild lobster (Homarus americanus, H. Milne Edwards, 1837) in the southern New England area of the northeast U.S.A., affecting over 30% of legal and sub-legal lobsters in the inshore areas ( Fig. 1 ; Castro and Angell, 2000) . This shell disease is etiologically different from the previously described impoundment disease and burnt spot shell disease (Bullis et al., 1988; Stewart, 1980) . In impoundment shell disease, lesions are bilaterally symmetrical and are centered around setal cores. Burnt spot disease appears as individual blackened lesions on the body and is often used as an environmental health indicator (Ziskowski et al., 1996) . In contrast, epizootic shell disease is characterized by moderate to deep erosions in the carapace that progress vertically leaving behind a pillar formation of chitin crystalline lattice (Smolowitz et al., 1992 (Smolowitz et al., , 2005 .
Enzootic shell disease is ubiquitous among crustaceans. Sindermann (1991) presented seven general hypotheses with supporting evidence relating to crustacean shell disease: 1) chitin deposition is an important defense mechanism, 2) shell disease is an external indication of metabolic disturbance or trauma, 3) shell disease is associated with success or failure of external defenses and wound repair, 4) pollutants (stressors) may foster the development and increase the severity of shell disease, 5) shell disease may be less important in short-lived species, 6) shell disease may occur in high prevalence in offshore deep-water crustaceans, and 7) shell disease is controllable in captive or cultured populations. He used these hypotheses to support a conceptual framework for understanding the significance of shell disease.
Given the recent outbreak in the wild lobster populations, we propose three additional hypotheses and present evidence to support their inclusion in a new conceptual model that links the environmental stressors to the disease, and to individual and population-level effects. They are: 1) the prevalence of shell disease is increasing in wild clawed lobster populations, 2) shell disease results in populationlevel impacts, 3) anthropogenic, as well as environmental, stressors may be correlated with increased marine diseases of clawed lobster.
Below we present a modified conceptual model, present evidence to support the inclusion of the new hypotheses, and elaborate on the gaps of knowledge (Fig. 2) .
THE CONCEPTUAL APPROACH
Although there is much to learn about the specific shell disease outbreak, an epidemiological approach requires a broader framework by which to determine the interaction among different factors. Conceptual models are broad and form the basis of formulating empirically testable research questions and hypotheses (Järvelin and Wilson, 2003) . This framework can be used to evaluate the current shell disease epizootic, as well as other lobster diseases and diseases affecting other marine species.
Several lobster diseases have been discovered that have occurred concurrently with the outbreak of the lobster shell disease in southern New England. In 1997, a Vibrio fluvialis-like organism was implicated as the etiological agent for the limp lobster syndrome found in Maine (Tall et al., 2003) . Lobsters affected with this syndrome were weak and lethargic, had slow or ineffectual responses to sensory stimuli, and had poor survival. The extreme lobster mortality event that occurred in Long Island Sound (LIS) in 1999 brought to the forefront the link between stressed environments, lobster health, and population-level effects. Believed to be precipitated by the ''perfect storm'' of conditions (Pearce and Balcom, 2005) , a combination of high water temperature and low dissolved oxygen, amoebae were found in the nervous, glandular, connective, and branchial tissues of the dead lobsters (Robohm et al., 2005) . Also in LIS, calcinosis, a non-infectious fatal disease of lobsters, was determined to be caused by the anomalously high bottom seawater temperatures during the spring and summer of 2002, causing changes in the hemolymph pH and calcium metabolism resulting in calcium deposits in the gills and antennal glands (Dove et al., 2004) .
During this same time period, new diseases have affected other crustacean species. Pandalid shrimp in the Gulf of Maine were diagnosed with black gill disease (Commercial Fisheries News, 2003) . Shields and Behringer (2004) described the first naturally occurring pathogenic virus, PaV1, known to affect lobster. This virus was found in the juvenile Caribbean spiny lobster (Panulirus argus) in the waters of southern Florida. It alters the behavior of the spiny lobster and causes 100% mortality.
If these cases are generalized, it is possible that any external stress can lead to physiological stress in individuals and to disease that ultimately can affect populations. Evans (2001) classified the stages of stress response in lobsters, linking the physiological response to the immune system response and the time frame in which events occurred. Sindermann (1991) linked habitat degradation to shell disease, and suggested that shell disease could be an external manifestation of an internal metabolic disturbance aggravated by opportunistic bacteria.
We present an expanded conceptual framework of crustacean disease that links environmental changes to physiological stress and disease, and in turn to populationlevel impacts (see summary of disease discussion, Stan Cobb Symposium, this issue). In this model, disease is an integral part of the cycle of physiological stress and mortality. We use this expanded model to develop hypotheses and examine available evidence. 1994 and Dominion Nuclear, Millstone Environmental Lab., 1979 -2005 have followed shell diseased lobsters, documenting the change in severity of the disease for individual animals. These tagging studies employed tags retained through the molt, and therefore, document detailed individual shell disease histories.
Epizootic shell disease first appeared in its current form in the Rhode Island lobster population in 1996 and in eastern Long Island Sound in 1998. No state monitoring data were available from Massachusetts waters until 1998, although fishermen had been noticing increased levels of disease as early as 1997 in Buzzards Bay, Massachusetts ( Fig. 3a ; Glenn and Pugh, 2005; Glenn and Pugh, 2006) . Prior to this time, shell disease was characterized by small isolated spots of shell erosion reported as ''burn marks.'' This current outbreak consists of lobsters appearing with significant portions of the epicuticle and exocuticle eroded with deep ulcerations (Smolowitz et al., 2005) .
The overall prevalence of epizootic shell disease in the waters of Rhode Island and eastern Long Island Sound rose quickly, and it has remained high, although it did not appear in all areas of Rhode Island at the same time (Fig. 3b ). An initial rise to 5% was documented in 1997 in the upper and lower East Passage of Narragansett Bay, followed in 1998 with a dramatic rise in the West Passage and Rhode Island Sound (10% and 5%, respectively). The highest mean prevalence recorded to date occurred in the upper East Passage in 2002, reaching over 45% of the sampled lobsters examined.
In both areas, the prevalence of shell disease changed seasonally. The frequency of diseased lobsters fell over the early summer (during the first molt period) and made a rapid reappearance in the fall (Fig. 4) . Tag and recapture data showed that shell disease on individual lobsters spread rapidly over the course of the summer and peaked during the fall season.
The severity scale was developed to create comparable data between sea sampling programs. Three grades are used based on the amount of shell disease on the dorsal shell: low, , 10%; moderate, . 10-, 50%; severe, . 50%. The severity of shell disease has varied without trend in Rhode Island, but the most severe cases have been diminishing in eastern Long Island Sound in recent years (Fig. 5) . The relationship between the standardized severity scale and the physiological stress on the animal (Fig. 2 , arrows 2 and 7 of model) has not been determined. However, the probability of surviving the molt decreases when the erosion penetrates Sindermann's (1991) conceptual framework of disease in lobsters, from environmental stress to population impact. The specific understanding of conditions and processes known from southern New England and Long Island Sound are generalized into a model that may apply to other situations. This model illustrates that specific environmental stress can cause physiological stress (arrow 1) leading to disease (arrow 2), which may have population-level impacts (arrow 3). Arrow 4 indicates the impact of environmental stress directly on the disease organisms; arrow 5, the effect of physiological stress on the population, even without disease; arrow 6, the effect of the presence of disease organisms on themselves or on other disease organisms; and arrow 7, the effect of disease on the physiological state of the organism. Population-level feedbacks, e.g., density-dependence, may directly affect the physiological state of individual lobsters in the population (arrow 8) or indirectly through changes in the environment (arrow 9).
the uncalcified layers of the endocuticle (Smolowitz et al., 2005) .
Shell disease was previously shown to primarily affect larger mature lobsters, especially egg-bearing females. This was believed to be a consequence of slower growth rates once the lobster reached maturity and an extended intermolt duration (Estrella, 1991) . This pattern was observed at the onset of the shell disease epizootic; however, a shift to the smaller sizes was detected from 2000 onward in Rhode Island (Fig.  6 ). Larger egg-bearing females still experienced the highest prevalence of shell disease (. 50%; Fig. 7 ), but prevalence has increased since 1998 in males and non-egg-bearing females.
There is clear evidence to support the hypothesis for increasing prevalence of shell disease in the clawed lobster populations in southern New England. Epizootic shell disease has never been documented to occur in the wild for as long or at these levels of prevalence or severity. 
HYPOTHESIS 2. POPULATION-LEVEL EFFECTS OF
EPIZOOTIC SHELL DISEASE Disease could influence population dynamics (Fig. 2 , arrow 3 of model) by altering demographic rates such as mortality, growth, maturity, and reproduction. Significant changes in the demographic characteristics of the southern New England lobster population have occurred during the same time period as the rise in prevalence of shell disease. Abundance and Mortality Lobster abundance as measured by landings and research trawl surveys has fluctuated over the last three decades. The population in Rhode Island waters increased in the late 1980s, peaked in 1993, and began a dramatic decrease after 1997 (Fig. 8a) . Long Island Sound research trawl surveys indicated that despite a steady increase in landings and fishing mortality, the number of recruits in the LIS stock area increased almost three-fold since the mid-1980s, just prior to the collapse that occurred in 1999 ( Fig. 8b; ASMFC , 2000; Landers, 2005) . LIS was declared a ''commercial fishery disaster due to a resource disaster'' in 1999 (Calabrese et al., 2005) .
Given the assumed physiological stress placed on an animal as a result of shell disease (Fig. 2, arrow 7 of model) , it is probable that the disease is contributing to increased mortality, either as a primary or as a secondary factor. There is evidence from the tag-recapture studies that in addition to the first recorded infection state of shell disease, lobsters are re-infected with the disease after molting (Table 1 ; Fig. 2 , arrow 6 of model; Landers, 2005) . This information demonstrates that molting does not provide a permanent solution to shell disease. This continued compromised physiological condition could eventually contribute to reduced growth, lower egg production, changes in behavior, and a heightened probability of death. Gibson and Wahle (2005) evaluated cohort survival in Rhode Island during the first years of life by quantifying the linkage between young-of-year lobsters from diver surveys and the subsequent abundance of three-year-old prerecruits in near-shore trawl surveys. They found that a Ricker stock recruitment function with an added shell disease term explained changes in cohort abundance better than a conventional Ricker model with no disease term. While they could not rule out other sources of natural mortality, the timing of the onset of heightened mortality since 1996 is most coincident with the appearance and spread of shell disease (Fig. 2, arrow 3 of model) .
Growth
Molt increment information was compiled from the tagging programs in RI and eastern Long Island Sound. In eastern Long Island Sound, male and female molt increments were highly correlated (r ¼ 0.84; P , 0.0001) and the time series of annual growth increments for both sexes (Fig. 9a) exhibited a significant declining trend since 1979 (male slope ¼ À0.09 mm/year, P ¼ 0.001; female slope ¼ À0.09 mm/year, P , 0.0001). A significant inverse relationship existed between bottom water temperature (May-October) and the incremental growth of male lobsters (r ¼ À0.41, P ¼ 0.033), but not for females (r ¼ À0.29, P ¼ 0.137) ( Fig. 9b ; Landers et al., 2001; DNC, 2006) .
In Rhode Island, the molt increment over time for each sex was evaluated using regression analysis for each study (Gilbert, 1987) . A significant downward trend in molt increment was observed in female lobsters when analyzed by year for the tag-recapture (Tagging R 2 ¼ 0.63, P ¼ 0.006; t intercept ¼À3.7, P ¼ 0.006 (Fig. 9c) . No significant trend was detected in male lobsters (Tagging R 2 ¼ 0.27, P ¼ 0.12; t intercept ¼ À1.7, P ¼ 0.12); in addition, there was no correlation between molt increment and annual mean bottom temperatures from Rhode Island waters (Fig. 9d) .
The smaller growth per molt over the past several years is correlated with shell disease. Every year since the onset of shell disease in eastern Long Island Sound in 1998, except for 2002, lobsters tagged or recaptured with shell had smaller growth per molt than lobsters without the disease (Fig. 10a) . Incremental growth of non-diseased lobsters was significantly larger than diseased ones (females: 7.89 mm versus 6.75 mm; males 7.25 mm versus 7.71 mm respectively, Fig. 10b ). From 1998 to 2005 the average incremental growth per molt of all lobsters with minor to severe symptoms of shell disease was 7.08 mm as compared to 7.79 mm computed for those individuals without the disease (F ¼ 52.2, P , 0.0001; premolt size as a co-variate; Fig. 10c ).
Growth is a function of both molt increment and molting frequency. Molting is regulated by steroid hormones known as ecdysteroids. Laufer et al. (2005) found that the level of ecdysone, which controls molting in crustaceans, is higher in the hemolymph of shell diseased lobsters than in nonshell diseased samples and consequently leads to increased molting frequencies. There is little field evidence to confirm this hypothesis.
Reproduction and Maturity
Ovigerous female lobsters with shell disease have been observed (while captured in traps) molting, which has raised concerns over the impact of shell disease on overall egg production, and recruitment (Fig. 2, arrows 7 and 5 respectively). The coordination of the molting and spawning cycles is critical to egg production. If molting occurs too early, then eggs will be lost; if too late, then the subsequent egg production will be delayed, perhaps by as much as a year. The coordination between the two cycles is associated with the eyestalk organs (X-organ) and molting glands (Y-organ) and is under hormonal control (Waddy et al., 1995) . Although difficult to observe in the field, preliminary data from lobsters captured as part of the tag-recapture program in Rhode Island show a difference in the proportions of shell-diseased (4.8%) and nonshell-diseased (0.3%) females molting prematurely.
Changes in female size at maturity have been documented in the eastern Long Island Sound lobster population. The average size of egg bearing females decreased from 80 mm CL to 75 mm CL between 1978 and 2005 (Landers et al., 2001; DNC, 2006, Fig. 11) . A similar downward shift in size at maturity has been observed in the Rhode Island lobsters from 76 mm CL (1991) (1992) (1993) (1994) (1995) (1996) to 73 mm CL (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (Angell and Olszewki, 2005, Fig. 11 ). This change in size at maturity may be attributable to a number of factors, including high exploitation rates, change in growth increments, and/or higher water temperatures, as well as the prevalence of shell disease.
Behavior
Behavioral changes can result from disease (Hart, 1990) . Changes in behavior resulting from shell disease are not well documented. Nonetheless, other diseases that afflict lobsters are known to alter behavior and can in turn, affect growth, mortality, or reproductive potential (Fig. 2 , arrow 7 of model). For example, lobsters infected with gaffkemia (Aerococcus viridans var. homari) move to shoal water and die in the spread eagle position (Rabin, 1965) . Stentiford et al. (2000) found that the Norway lobster (Nephrops norvegicus) infected with the parasitic dinoflagellate, Hematodinium spp., showed a progressive decline in overall swimming performance and decreased ability to recover from strenuous activity as the infection progressed. Stentiford also found that infected lobsters left the burrow more often and for longer time than uninfected animals, leading to significantly more time spent on the sediment surface, thereby altering their catchability rates. Behringer et al. (2001) reported changes in social behavior in juvenile spiny lobster infected with the virus PaV1. Field and lab observations indicated that healthy lobsters avoided infected lobsters, presumably to avoid contracting the virus.
The evidence to support the population level effects of epizootic shell disease is less clear. The documented changes in abundance, growth, maturity, and mortality coincided with epizootic shell disease and the eastern Long Island Sound growth data shows a clear correlation to shell disease. However, the timing of epizootic shell disease corresponded to a period of gradually rising seawater temperature. The conceptual model indicates that disease can be the result of both environmental stressors and/or depressed immune function, and that changes in the population can feedback to stressors and reduced immune function (Fig. 2) . The unknown factors and abiotic influences may feed into all levels. Causal, in addition to correlative links need to be further investigated.
HYPOTHESIS THREE: ANTHROPOGENIC AND/OR ENVIRONMENTAL STRESSORS MAY BE CORRELATED WITH INCREASED MARINE DISEASES Shell disease appears to be ''spreading'' northward (Glenn and Pugh, 2005; Glenn and Pugh, this volume) ; however, the mechanism by which this is occurring is unclear. No successful transmission of the disease from one animal to another has been accomplished in laboratory situations ). If not infectious, then the transmission phenomena may be related to suppressed physiological functions because of environmental or other unknown factors (Fig. 2, arrow 1 of model) . In Massachusetts, the prevalence of the disease is correlated with the latitudinal gradient in temperature (Glenn and Pugh, 2005) . This corresponds well with data collected in eastern Long Island Sound, which shows a gradual warming of bottom seawater temperatures over the last 27 years (slope ¼ 0.032; P ¼ 0.014). The same upward trend has been observed in near-surface waters from Woods Hole beginning in 1960, with the 1990s being the warmest recorded in the 120 year record (Glenn and Pugh, 2005) . However, no significant upward trend has been detected in bottom seawater temperature in Narragansett Bay since 1980 (slope ¼ 0.02; P ¼ 0.11). This anomaly may reflect different environmental conditions for Narragansett Bay or may be an artifact of insufficient data. Another confounding factor is the low prevalence and severity of shell disease in Western Long Island Sound, which is a highly stressed environment (Robinson and Tlusty, 2005) . Recent work by Crivello et al. (2005a, b) suggests that the severe anthropogenic stresses on that environment have led to genetic differences in western Long Island Sound lobster populations. Several pesticides, including methoprene, malathion, and resmethrin, had recently been used to control mosquito populations on the east coast where West Nile Virus was prevalent. Although long believed that pollutants had an effect on crustacean health (Ziskowski et al., 1996) , multiple factors probably played a role in the Long Island Sound lobster mortality event. Pesticides have the potential to disrupt the physiology and immune system of several life stages of crustaceans, as well as cause mortality (DeGuise et al., 2004; Walker et al., 2005; Zulkosky et al., 2005) . Although these substances can clearly affect crustaceans, it is rare to find them in the marine environment in the concentration levels indicated for immunosuppressive or lethal effects. However, other anthropogenic substances have been found in the environment and in lobster tissues. Biggers and Laufer (2004) discovered high levels of four alkylphenols in lobster tissue and in the marine sediments. Laufer et al. (2005) found higher levels of alkylphenols in shell-diseased lobsters. One of these compounds was developed as a mosquito insecticide, while others are common manufacturing chemicals for plastics and epoxies. These substances mimic high juvenile hormone activity, which controls metamorphosis and development. At low concentrations, they are thought to act as endocrine disruptors affecting larval lobster development and metamorphosis; at high concentrations they are lethal.
Even in the absence of anthropogenic substances, lobster health is affected by a number of environmental factors, including oxygen levels, pH, salinity, and temperature (Evans, 2001) . There is extensive information on impacts of holding conditions on growth and survival of lobsters for aquacultural development from the mid-1960s. The Long Island Sound Lobster Research Initiative studies were able to provide additional information regarding the effects of environmental stressors under more natural conditions (Calabrese et al., 2005) . Exposure to environmental stressors may lead to short-and long-term changes in cardiovascular and respiratory functions, energy metabolism, fluid and ionic balance, and immunity. If the stress becomes long-term, these changes can include reduced resistance to disease, reduced growth, impaired reproduc- tion, and reduced survival. Disease may be a direct cause (Fig. 2 , arrow 7 of model) or a consequence (Fig. 2, arrow 2) of a weakened immune state. Long term monitoring data collected by Howell et al. (2005) implicated increased bottom temperature as a significant contributing factor to mortality. Lobsters exposed to high temperatures or low dissolved oxygen had reduced immune system responses. Recent work examining the effects of environmental stressors on diseased lobsters (infected with gaffkemia) determined that low oxygen levels alone resulted in mortality, higher temperature alone only mildly accelerated death, and a combination of sulphide and ammonia accelerated death in infected lobsters (Robohm et al., 2005) .
Evidence is sufficient to show that anthropogenic and environmental stressors have the potential to disrupt immune system response and even cause mortality in crustaceans. However, except for alkylphenols, there is little data to show that these substances are found in the environment or in the tissues at the levels necessary to produce these effects. The changing environmental factors such as temperature may act in synergy with these substances or alone in changing physiological condition of the animals.
SUMMARY
The conceptual model provides a broad framework by which to examine the shell disease epizootic currently affecting the American lobster near southern New England. Disease effects have not been included in the population dynamics models for this highly exploited and valuable species. Lafferty and Gerber (2002) noted the general lack of inclusion of the effects of infectious diseases in conservation biology and proposed a new approach using the intersection of the fields of epidemiology and conservation biology.
The application of terrestrial epidemiology to marine environments will need to accommodate the different life histories, population structures, and connectivity of marine ecosystems, and will require new modeling approaches . Of particular importance are the greater host and pathogen diversity in the ocean, the fact that transmission dynamics and spread rates may be higher in marine systems, and the interaction of anthropogenic agents and pathogens is not understood . A better understanding of environmental facilitators should be a research priority.
The evidence supporting the three additional hypotheses is relatively unexplored to date and is more correlative than causal. The pattern, intensity, and prevalence of shell disease need to be combined with the recorded changes in abundance, growth and maturity in a temporal and spatial manner, taking into consideration other diseases of other crustaceans. The links among environmental conditions, disease, and populations are only just emerging and will require directed research to elucidate these connections. Fig. 11 . Yearly mean carapace length of female lobsters determined to be mature in eastern Long Island Sound and Rhode Island. Female maturity in eastern Long Island Sound lobsters was determined by presence of external eggs (Landers et al., 2001) and in RI by egg-bearing status and ovary condition, omitting legal size females (Angell and Olszewski, 2005) .
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